The Na/K pump is a large heterodimer membrane-bound protein comprising a catalytic α subunit (\<105 kD) and a glycosylated β subunit (\<55 kD)^[@R1]^. For each hydrolyzed ATP molecule, the Na/K pump transports three Na^+^ outward and two K^+^ inward by toggling between two major conformations, E1 and E2, according to the "alternating access" scheme^[@R2]--[@R4]^. Under physiological conditions, the outward-facing state E2P preferentially binds two K^+^ in the presence of a 30-fold greater external concentration of Na^+^ ions, while the inward-facing state E1 selects three Na^+^ in the presence of a 10-fold higher internal concentration of K^+^ ions. Results from several investigations indicate that there is a total of three distinct cation binding locations involved in the functional pumping cycle^[@R5]^. The same residues are implicated in two of the three sites (I and II), which select Na^+^ in the inward-facing conformation and K^+^ in the outward-facing conformation, while a third site (III) exclusively binds Na^+^ in the inward-facing conformation^[@R5]^. The microscopic mechanism underlying the alternating selection of Na^+^ and K^+^ by the shared sites I and II is not understood. In the present study, we used computations based on atomic models together with electrophysiological experiments to show that protonation of several acidic residues forming the cation binding sites is critical to achieve the K^+^ selectivity in the Na/K pump from shark rectal glands.

RESULTS {#S1}
=======

FEP and p*K*~a~ calculations {#S2}
----------------------------

The determination of high resolution crystal structures of the Na/K pump captured in the K^+^-loaded E2·P~i~ state^[@R6],[@R7]^ gives a fresh impetus to computational studies aimed at elucidating the transport mechanism at the atomic level. To characterize the selectivity of the K^+^ binding sites in the E2·P~i~ state, atomic models were constructed on the basis of the two available crystal structures, 2ZXE^[@R7]^ and 3B8E^[@R6]^, and free energy perturbation molecular dynamics (FEP/MD) simulations were carried out (see [Supplementary Table 1](#SD1){ref-type="supplementary-material"}). Of particular importance are four titratable residues directly implicated in the two shared binding sites: Glu334, Glu786, Asp811 and Asp815 in the 2ZXE crystal structure (see [Supplementary Table 2](#SD1){ref-type="supplementary-material"} for corresponding residue numbers in different pump sequences). The shortest distances between the carboxylate oxygen atoms of Glu786 and Asp811 are 2.8 Å in 2ZXE^[@R7]^ and 2.7 Å in 3B8E^[@R6]^. Such short distances between negatively charged moieties are unlikely, suggesting that they probably share a proton and are involved in a so-called strong di-acid hydrogen bond^[@R8]^. To clarify this issue, the p*K*~a~ of the four acidic binding site residues was calculated using different computational methods to ascertain their protonation states (see **METHODS**). The p*K*~a~ calculations and the results of the FEP/MD simulations on ion selectivity are summarized in [Tables 1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}.

The p*K*~a~ calculations based on the two crystal structures indicate that Asp811 should be deprotonated and Glu334 and Glu786 should be protonated under physiological conditions. The results are more ambiguous in the case of Asp815, with different predictions based on the 3B8E and 2ZXE X-ray structures. The discrepancy is most likely due to the uncertainties with the empirical pKa calculations based on MCCE and PROPKA (see **METHODS**). To obtain one additional estimate of the p*K*~a~ of Asp815, all-atom FEP/MD simulations with explicit solvent molecules were carried out. To sample more effectively the configuration of the polar and charged residues in the binding sites, the p*K*~a~ shift of Asp815 was computed using alchemical FEP/MD simulations with applied restraining potentials together with umbrella sampling potential of mean force (PMF) calculations (see [Supplementary Methods](#SD1){ref-type="supplementary-material"}, Explicit solvent p*K*~a~ calculations). The combined FEP/MD-PMF calculation yields an estimated p*K*~a~ of about 9.4, indicating that Asp815 should be protonated under physiological conditions (see [Supplementary Figure 1](#SD1){ref-type="supplementary-material"}). The calculated protonation states for all the key acidic residues in the cation binding sites I and II of the Na/K pump are in broad agreement with previous results obtained for the homologous residues of the sarco(endo)plasmic reticulum Ca^2+^ pump (SERCA) in the corresponding functional states^[@R9]--[@R11]^. The pH-dependence of the C=O infrared bands of Ca^2+^ free phosphoenzyme E2·P~i~ state of SERCA probed by Fourier transform infrared (FTIR) difference spectroscopy has provided direct evidence for the protonation of carboxyl groups upon Ca^2+^ release^[@R12],[@R13]^. Although SERCA transports Ca^2+^ and H^+^ while the Na/K pump transports Na^+^ and K^+^, the binding sites have high homology^[@R5]--[@R7]^ and comparisons can be helpful.

The calculated relative free energies for K^+^ to Na^+^, ΔΔ*G*~Na,K~, reveal that ion selectivity is extremely sensitive to the protonation states of those four acidic side-chains. When all four acidic residues are deprotonated, the binding of Na^+^ over K^+^ to sites I and II is considerably more favorable ([Table 2](#T2){ref-type="table"}, simulation A). In contrast, the computations with protonated Glu334, Glu786 and Asp815 yield binding sites that are very selective for K^+^ over Na^+^, with calculated relative free energies that compare quantitatively well with experimental estimates ([Table 2](#T2){ref-type="table"}, simulation B)^[@R14]^. In interpreting these results, it is important to emphasize that alchemical FEP/MD calculations do not provide information about the individual absolute ion binding affinities, but only about the relative binding free energy of Na^+^ and K^+^.

Structural stability of the binding sites {#S3}
-----------------------------------------

The trends from the FEP/MD simulations are also reflected in the structural stability of the K^+^ binding sites observed in the MD simulations (see [Supplementary Methods](#SD1){ref-type="supplementary-material"}, Stability of the binding sites and ion coordination). As shown in [Figure 1](#F1){ref-type="fig"}, when Glu334, Glu786, and Asp815 are protonated, the average root-mean-square deviation (RMSD) of the non-hydrogen atoms is only about 0.5--1.0 Å with respect to the X-ray structure. However, large distortions from the X-ray structure occur when the binding site residues are deprotonated ([Supplementary Figures 2--3](#SD1){ref-type="supplementary-material"}). This result reinforces the conclusions from FEP/MD that those acidic side-chains must be protonated to yield structurally stable K^+^-selective binding sites. The K^+^ ion bound at site I is well coordinated by three carbonyl oxygens, three hydroxyl oxygens and one carboxylic group (two oxygens), while the K^+^ ion bound at site II is coordinated by six carbonyl oxygens and one carboxylic group (two oxygens). The average K^+^ coordination numbers for sites I and II are 6.3 and 7.4, respectively, with 1.4 water molecules within the first coordination shell of the K^+^ ion bound in site I. Consistent with the high resolution X-ray structure 2ZXE, no water molecule is coordinating the ion at site II. In contrast, both sites become more extensively hydrated when all four acidic residues are deprotonated, with 3.4 and 2.4 water molecules coordinating the two K^+^ ions. Under those conditions, the average coordination number of K^+^ at sites I and II are 7.6 and 7.0, respectively ([Supplementary Figures 4--6](#SD1){ref-type="supplementary-material"}). This analysis shows that the protonation states of Glu334, Glu786, and Asp815 play an integral role in ensuring the structural stability of the cation binding sites in E2·P~i~.

FEP calculations based on simplified reduced models {#S4}
---------------------------------------------------

Ion selectivity can be exquisitely sensitive to multiple microscopic factors, and for this reason, the results from computations must be considered with caution. For example, even slight re-arrangements in side-chain orientations might be sufficient for modulating the selectivity of the different states of the Na/K pump^[@R15]^. This raises the question of whether meaningful conclusions can possibly be drawn about K^+^ selectivity from computations in view of the limited resolution of currently available X-ray structures and the various approximations involved in MD simulations. Nevertheless, further analysis indicates that the marked effects of protonation noted here are strongly predetermined by the character of the cation binding sites. In particular, similar results are obtained from FEP/MD for both X-ray structures (2ZXE and 3B8E), despite the structural differences ([Table 2](#T2){ref-type="table"}, simulations A and B). In addition, an analysis of the factors governing ion selectivity in the K^+^ binding sites based on simplified reduced models^[@R16]^ confirms the robustness of the present results (see [Supplementary Methods](#SD1){ref-type="supplementary-material"}, Reduced binding site models). If the acidic residues are deprotonated, then both cation binding sites become strongly Na^+^ selective over K^+^ (see [Supplementary Figure 7](#SD1){ref-type="supplementary-material"}). The assertion seems incontrovertible: protonation of the some of the "high-field" carboxylate side chains is absolutely required for K^+^ selectivity^[@R16],[@R17]^. In the case of site I, the incorrect selectivity from deprotonated side chains cannot be reversed, even it is assumed that the X-ray structure is extremely stiff and virtually rigid. In the case of site II, the incorrect selectivity can be reversed, but only if the structural stiffness of the sites is increased beyond what can be realistically achieved for a protein. This study of reduced models shows that the trends observed in the FEP/MD simulations are not overly sensitive to slight structural changes or the approximations involved in MD simulations because they are inherently governed by the number and chemical nature of the coordinating ligands rather than by the precise molecular geometry of the binding sites. This view is consistent with the recent finding that the organic cation acetamidinium can substitute for K^+^ and be imported by the pump, suggesting that the shared sites must be able to achieve their high specificity via a surrounding molecular architecture that is able to remain fairly flexible^[@R18]^, and is in broad accord with previous studies of ion selectivity for other membrane proteins^[@R19]--[@R21]^.

To summarize the main results from the computations, four lines of evidence indicate that Glu334, Glu786, and Asp815 are likely to be protonated at the E2·P~i~ state of the Na/K pump. First, this is a direct outcome of p*K*~a~ calculations ([Table 1](#T1){ref-type="table"}). Second, MD simulations exhibit small deviations relative to the X-ray structure only when these side-chains are protonated ([Figure 1](#F1){ref-type="fig"}). Third, it is possible for the two cation binding sites to become selective for K^+^ over Na^+^ only when these side-chains are protonated ([Table 2](#T2){ref-type="table"}). Fourth, such a trend is very robust and cannot be reversed by small structural details according to an analysis of reduced models ([Supplementary Figure 7](#SD1){ref-type="supplementary-material"}). On the basis of these results, one can conclude with confidence that the protonation of acidic residues at the binding sites I and II is an important determinant of the K^+^ selectivity of the E2·P~i~ state.

Impact of external pH on K^+^ selectivity {#S5}
-----------------------------------------

A prediction from the present computational analyses is that the ion selectivity at the sites I and II will be affected by extracellular pH. Raising the extracellular pH should undermine the ability of the shared sites to properly select K^+^ over Na^+^ (n.b., the high pH is not meant to reflect physiological function but is designed to increase the probability of the deprotonated state of the acidic residues while the pump is in an outwardly open state). To experimentally test this prediction, we studied electrophysiologically the function of the Na/K pump expressed in *Xenopus* oocytes. Physiologically, the outward-facing state that selects between Na^+^ and K^+^ is actually E2P, i.e., the state that precedes E2·P~i~ in the forward pump cycle. The calculations are based on the E2·P~i~ state captured by the X-ray structure, though both states must select K^+^ over Na^+^ with a mechanism that is expected to be similar. In order to enhance the population of the E2P state, the intracellular Na^+^ concentration was increased as described in **METHODS**. To evaluate the impact of external pH on selectivity, the apparent affinity for external K^+^ (*K*~0.5~) to activate Na/K pump currents was measured at different external pH in the presence and absence of external Na^+^.

[Figure 2a](#F2){ref-type="fig"} illustrates the titration experiment performed in an oocyte bathed by 125 mM external Na^+^ at two different external pH. The continuous recordings at a holding potential (*V*~h~)= −50 mV clearly show that a lower external K^+^ concentration is needed to activate the currents at pH 7.6 (top trace) than at pH 9.6 (bottom). Vertical deflections in the current trace correspond to application of brief, 50-ms square *V* pulses to measure the current induced by external K^+^ at different voltages (*V*). From these measurements, the Hill equation was fitted as a function of K^+^ concentration for each voltage to extract the apparent affinity *K*~0.5~. The results plotted in [Figure 2b](#F2){ref-type="fig"} show that there is a 3--4 fold reduction in apparent affinity for external K^+^ at positive voltages when the external pH is increased from 7.6 to 9.6 with external Na^+^ (filled symbols). This corresponds to an effective change in relative K^+^/Na^+^ free energy of \~0.8 kcal·mol^−1^. While the net impact on *K*~0.5~ is small, this is expected because the observed change in relative free energy reflects a weighted average over the protonated and deprotonated states (see [Supplementary Methods](#SD1){ref-type="supplementary-material"}, Apparent selectivity and pH). Accordingly, the loss of selectivity for K^+^ over Na^+^ as the pH is increased is expected to be less than the change in ΔΔ*G*~Na,K~ with protonated and unprotonated Asp815 (see [Supplementary Figure 8](#SD1){ref-type="supplementary-material"}).

One possible interpretation of the experimental results shown in [Figure 2a and b](#F2){ref-type="fig"} is that the probability of the protonated state of the carboxylate side chains decreases slightly when the binding sites are exposed to the high extracellular pH in the outwardly open state, giving rise to a small shift in the apparent selectivity. However, the change in apparent *K*~0.5~ as a function of external pH could be due to an increased affinity of the sites for K^+^, or a reduced affinity for Na^+^, or both. To address this issue, we evaluated the change in apparent affinity *K*~0.5~ induced by external pH in the absence of competition from external Na^+^ (the latter is replaced by NMG in the experiments). Here, the *K*~0.5~ becomes smaller (due to the lack of competition with Na^+^), and is considerably less sensitive to changes in the external pH ([Figure 2b](#F2){ref-type="fig"}, open symbols). These results demonstrate that external K^+^ competes less well with external Na^+^ for the sites I and II when the external pH is increased, as predicted by the computations. The experimental observations can be correlated with the p*K*~a~ calculations ([Table 1](#T1){ref-type="table"}). The latter indicate that Glu334 and Glu786 are unlikely to become deprotonated, while Asp811 remains deprotonated under most experimentally accessible conditions. This leaves Asp815, which appears to be the side-chain most susceptible to be affected by the extracellular pH. Interestingly, FEP/MD simulations based on a model in which Glu334 and Glu786 are protonated and Asp811 and Asp815 are deprotonated indicate that site II remains selective for K^+^ and that only site I becomes selective for Na^+^ ([Table 2](#T2){ref-type="table"}, simulation C). Thus, only a partial loss of K^+^ selectivity is predicted to occur at high pH, in accord with experimental observations ([Figure 2](#F2){ref-type="fig"}). Analysis of the ion coordination indicates that the binding site I becomes more water accessible when Asp815 is deprotonated (see [Supplementary Figures 5--6](#SD1){ref-type="supplementary-material"}). The coordination number increased from 6.3 to 7.0, and the number of water molecules within the first coordination shell goes from 1.4 to 2.6. Additional FEP/MD simulations show that the selectivity of the two sites for K^+^ over Na^+^ is lost with deprotonated Glu334 ([Table 2](#T2){ref-type="table"}, simulation D) as well as with deprotonated Glu786 ([Table 2](#T2){ref-type="table"}, simulation E).

Comparison with previous site-directed mutational studies {#S6}
---------------------------------------------------------

The present results are consistent with previous observations describing the impact of pH on the Na/K pump activity^[@R22]--[@R26]^. Specifically, Skou and Esmann^[@R23]^ noted that "protons increase the apparent affinity for K^+^" and "decrease in protons increases the apparent affinity for Na^+^", consistent with the present results. However, the observed sensitivity to pH has traditionally been interpreted by assuming that protons affect the relative stability of the E1/E2 conformational states or the concentration of ions at the access channel entrance^[@R26]^. According to this view, the apparent ion selectivity of the pump is indirectly affected by pH: increasing the proton concentration favors the conformation that binds K^+^, and lowering the proton concentration favors the conformation that binds Na^+^. Although such an explanation cannot be ruled out on the sole basis of currently available experimental observations, the critical importance of the ionization state of the acidic side-chain directly involved in ion coordination revealed by the FEP/MD simulations sheds a new light on these previous observations. Furthermore, additional p*K*~a~ calculations indicate that the pH sensitivity is unlikely to arise from some arbitrary extracellular-facing titratable residue (see [Supplementary Table 3](#SD1){ref-type="supplementary-material"}).

The conclusion that in the E2·P~i~ state, Glu334, Glu786 and Asp815 are protonated and neutral while Asp811 is deprotonated and negatively charged suggests that the pump should display normal K^+^/Na^+^ selectivity with the charge-conserving mutants E334Q, E786Q and D815N, but not with D811N. Previous mutational studies are broadly consistent with these observations, although reported experiments were not always optimized to address the question of ion selectivity in energetic terms. The mutant E334Q is able to transport K^+^ (ref. [@R27]). Similarly, the mutant E786Q behaves like the wild-type pump^[@R28]^. These results are consistent with the computational modeling predicting that these two residues should be protonated and neutral. Similarly, based on the I--V curves reported^[@R28]^, the mutant E789Q appears to behave like the wild-type pump in terms of the external K^+^/Na^+^ selectivity of the shared sites. In sharpt contrast, electrogenic cation transport for the D811N mutant is severely impaired and produces no pump currents (c.f. Fig. 3 in ref [@R28]). This position appears to be particularly sensitive because even the charge-conserving mutant D811E yields a decreased Na^+^ affinity at the extracellular binding sites^[@R28],[@R29]^. This is qualitatively consistent with the computational analysis predicting that this residue must be deprotonated and negatively charged. The behavior of the D815N mutant is more complicated. It shows a decreased apparent K^+^ affinity, changes from 0.79 mM to 2.68 mM^[@R28]^. This may appear to be inconsistent with the computational modeling predicting that this residue should be neutral and protonated. However, mutations at this position display complex functional effects. For example, even the conservative mutant D815E displays a decreased apparent K^+^ affinity from 0.79 mM to 3.20 mM, larger than for D815N. Our own attempts to measure the pH dependence of *K*~0.5~ in oocytes for the D815N mutant were unsuccessful, consistent with the reported reduced K^+^-induced current in this mutant^[@R28]^.

Additional FEP/MD simulations were carried out to estimate the changes in ΔΔG~Na,K~ caused by mutations (see [Supplementary Figure 9](#SD1){ref-type="supplementary-material"}). Although the calculations with mutated residues are more uncertain than those based on the X-ray structure of the wild-type protein, they indicate that the mutation D815N ([Table 2](#T2){ref-type="table"}, simulation F) maintains K^+^ selectivity, and that the mutations E334Q ([Table 2](#T2){ref-type="table"}, simulation G) and E786Q ([Table 2](#T2){ref-type="table"}, simulation H) affect K^+^ selectivity, but to a much smaller extent than deprotonation of the side-chains. While the results appear to be in qualitative accord with experiments, they suggest that even seemingly simple charge-conserving side-chain substitutions can have complex effects and must be interpreted with caution (see [Supplementary Methods](#SD1){ref-type="supplementary-material"}, Simulations of mutants). In particular, the experimentally observed function of site-directed mutants might be altered by a host of factors, including the absolute ion binding affinities or the relative stability of the E1 and E2 state, which are not probed by the FEP/MD calculations.

DISCUSSION {#S7}
==========

The combined results from computations and experiments show that the protonation states of key acidic residues impact both *structurally* and *energetically* on the function of the Na/K pump. According to our computations, protonation of Glu334, Glu786, and Asp815 is absolutely required to both ensure the structural integrity of the binding sites I and II of the Na/K pump in the K^+^-loaded E2·P~i~ state, and to robustly establish the selectivity of those sites for K^+^ over Na^+^. Although the present study was exclusively concerned with the K^+^ selectivity of the E2·P~i~ and E2P states, these findings beg the question of whether the same factors play a corresponding role in the Na^+^-selectivity of the E1 state. In this regards, it is worth noting some interesting analogies between the transport cycle of SERCA and of the Na/K pump concerning the protonation states of the acidic residues forming the binding sites. For instance, in the case of the E2·P~i~ state of SERCA, which is functionally equivalent to the K^+^-loaded E2·P~i~ state of the Na/K pump^[@R12],[@R13],[@R9],[@R30]^, the corresponding acidic residues of the binding sites also become protonated. On the other hand, in the case of the Ca^2+^-loaded E1 state of SERCA, which is functionally equivalent to the Na^+^-loaded E1 state of the Na/K pump, the ion-coordinating side-chains are thought to be deprotonated^[@R31]^. Consistent with the suggestion that a deprotonated Glu786 might be required to support Na^+^ selectivity in the E1 state of the Na/K pump, it is observed that the E786Q mutant displays an apparent affinity for K^+^ that is similar to wild-type, but a 2.6-fold decrease in affinity for Na^+^ (ref. [@R32]).

Of particular interest, a study by Poulsen et al^[@R33]^ recently concluded that two cytoplasmic protons enter the vacant site III to protonate Asp933 and Glu961 while the Na/K pump is in the E2 state, and return to the cytoplasm via a transient aqueous pathway when the K^+^ ions are released internally in the state E1 (PROPKA predicts that the p*K*~a~ of Asp933 and Glu961 in the K^+^-loaded E2·P~i~ state are 8.9 and 10.3, respectively). According to the present results, three additional acidic residues, Glu334, Glu786, and Asp815, ought also to be protonated in order to support the K^+^ selectivity of the shared sites I and II in the E2P state. However, the observation that only Na^+^ and K^+^ ions are actively transported during the normal cycle of the pump imposes strict constraints on the sidedness of the source and sink for the protons implicated in any proposed mechanism. One possibility is that all these protons come from and return to the cytoplasmic side, in close correspondence with the mechanism described by Poulsen et al^[@R33]^. The deprotonated (high-field) carboxylates coordinating the cations in the binding sites I, II, and III would then guarantee a robust Na^+^ selectivity^[@R16],[@R17]^. But alternative mechanistic scenarios are conceivable. For example, some of the acidic side chains coordinating the ions might remain protonated in all states if only a subset of protons undergo such transient movements in and out of the cytoplasm during the pump cycle. The presence of a few protonated carboxylates would not necessarily undermine the ability to establish Na^+^ selectivity of the binding sites of the state E1, as indicated by free energy calculations based on model systems^[@R17]^. These considerations suggest the hypothesis that the Na/K pump might control the chemistry of ion coordination by modulating the protonation states of key residues forming the cation binding sites to achieve the K^+^ and Na^+^ selectivities required at various stages of the functional cycle. However, without high resolution X-ray structures of the Na^+^-loaded E1 state, it is difficult to definitively elucidate the microscopic basis of selectivity of those ion binding sites at this time. Further work will be required to resolve these issues.

METHODS {#S8}
=======

Computations {#S9}
------------

All the simulations were carried out using the program CHARMM^[@R34]^ with the PARAM27 force field^[@R35]^ (see [Supplementary Table 1](#SD1){ref-type="supplementary-material"}). The functional state considered in all the computations, E2·P~i~, implies a bound but not covalently attached phosphate to the pump. For the FEP/MD computations of ion selectivity and of the p*K*~a~ of Asp815, the General Solvent Boundary Potential (GSBP)^[@R36]^ setup was adopted to simulate a spherical region of 18 Å radius centered on the cation binding sites of the pump with explicit water molecules. By definition, the K^+^/Na^+^ selectivity was calculated as $\Delta\Delta G_{\text{Na},\text{K}} = \Delta G_{\text{Na},\text{K}}^{\text{site}} - \Delta G_{\text{Na},\text{K}}^{\text{bulk}}$ from the FEP/MD simulations; i.e., a positive implies that the site is selective for K^+^ over Na^+^. The GSBP spherical inner region of 18 Å was centered at the mid-point of the position of the two K^+^ in the crystal structures. There is a total of about 60 water molecules in the inner region after equilibration. The long-range interactions were taken into account in the form of the solvent-shielded static field and the solvent-induced reaction field via 400 harmonic functions in the multipole expansion. The solvent-shielded static field and the reaction field matrix were calculated once with finite-difference Poisson-Boltzmann (PB), assuming dielectric constants of 1.0 inside the protein, immersed in a solvent with dielectric 78.5. The atomic Born radii for protein atoms used to setup the dielectric boundaries in the PB calculations were determined by FEP/MD simulations with explicit solvent^[@R39]^. The water molecules within the inner region are confined by a non-polar cavity potential to prevent entry into the surrounding dielectric continuum. Coordination numbers were evaluated on the basis of a proximity criterion, with an ion-ligand distance of 3.5 Å. All computational details and parameters are given in [Supplementary Methods](#SD1){ref-type="supplementary-material"}, Atomic systems and simulations. The p*K*~a~ values of the ion binding site residues were calculated with Multi-Conformation Continuum Electrostatics (MCCE)^[@R37]^ and PROPKA (version 2.0 and 3.0)^[@R38]^ based on the two crystal structures^[@R6],[@R7]^. The K^+^ ions were present in all the p*K*~a~ computations. MCCE samples residue protonation and side-chain conformation as a function of pH and conformational flexibility is modeled by multiple side-chain conformations, which are constructed systematically by rotating rotatable side-chain bonds^[@R37]^. Conformational and protonation states of the relevant residues are sampled in a Monte Carlo sampling, assuming a Boltzmann distribution of states that yields the occupancy of each residue state as a function of pH. To investigate the effect of the protein dielectric constant, two different (4.0 and 8.0) were used. In contrast, PROPKA adopts a very fast empirical energy function which takes into account the desolvation effects and intra-protein interactions^[@R38]^. It has been shown that PROPKA and MCCE are more accurate for surface and buried residues, respectively^[@R40]^. The p*K*~a~ shift of Asp815 was also calculated with explicit solvent using a combined FEP/MD umbrella sampling potential of mean force (PMF) method. For additional theoretical development and technical details, see Explicit solvent p*K*~a~ calculations in [Supplementary Methods](#SD1){ref-type="supplementary-material"}. While the effects of solvation were empirically calibrated against experimental data for soluble proteins in PROPKA and MCCE, computations based on FEP/MD simulations including explicit water molecules can account more readily for the inherent flexibility of complex cation binding sites.

Electrophysiology experiments {#S10}
-----------------------------

Electrophysiological experiments to examine the extracellular pH effects on the function of the Na/K pump expressed in *Xenopus* oocytes were carried out according to standard protocols established previously^[@R18]^. Oocytes were enzymatically isolated as described^[@R41]^, injected with an equimolar mixture of the ouabain resistant Xenopus (Q120RN131D mutant, 25 ng) and Xenopus β3 cRNAs, and kept at 16ºC in SOS solution containing (in mM): 100 NaCl, 2 KCl, 1.8 CaCl~2~, 1 MgCl~2~ and 5 HEPES, supplemented with horse serum (SIGMA), and mixture of antimicotic and antibiotic (anti-anti, GIBCO) for 2--4 days until use. The double-mutant α1-Q120R-N131D was used due to its lower ouabain sensitivity (IC50\<100μM) that allows reversible inhibition of exogenous pumps during the experiment and distinction from ouabain-sensitive endogenous pumps which remained continuously inhibited after preincubation with ouabain. Oocytes were Na-loaded by a 1 hr incubation in a solution containing (in mM): 100 HEPES, 90 NaOH 20 TEAOH 0.2 EGTA. (pH 7.6) and then transferred to a K^+^-free OR2 solution containing 10--20 mM ouabain and (in mM) 82.5 NaCl, 2 KCl, 1.8 CaCl~2~, 1 MgCl~2~ and 5 HEPES and, until recording. External solutions used during recording were composed of (in mM) 125 NaOH (or N-methyl D-glucamine, NMG), 10 HEPES, 10 MES, 10 TAPS, 10 CAPS, 5 Ba(OH)~2~, 1 Mg(OH)~2~, 0.5 Ca(OH)~2~ (pH 7.6 with methanesulfonic acid, MS). To measure K^+^-activated currents, K^+^ (up to 20 mM) was added to the external solutions from a 3 M K^+^-MS stock. Two-electrode voltage-clamp (TEVC) was made using an OC-725C amplifier (Warner Instruments, Hamden, CT), a Digidata 1440 A/D board, a Minidigi 1A and pClamp 10 software (Molecular Devices, Sunnyvale, CA). Signals were filtered at 2 kHz and digitized at 10 kHz. Resistance of current and voltage microelectrodes were 0.5--1 MΩ and 1--2 MΩ, respectively (filled with 3M KCl).
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![Superposition of instantaneous configurations from MD simulations of the Na/K pump taken at 5ns, 8ns, 11ns, 14ns, 17ns, and 20ns from Simulation B in [Table 1](#T1){ref-type="table"} with the protonation states of the binding site residues assigned according to the theoretical prediction (thin lines) superimposed with the 2ZXE crystal structure (thick lines). The average heavy-atom RMSD are 0.5 Å for Glu334, 0.4 Å for Glu786, 0.8 Å for Asp811, and 0.8 Å for Asp815.](nihms309197f1){#F1}

![**a.** K^+^-induced mediated outward pump currents from a single Na^+^-loaded oocyte (see **METHODS**), held at -50 mV in the presence of 125 mM Na^+^, at two different external pH (7.6, top trace and 9.6, bottom trace). Vertical deflection of the current trace represents 50-ms long voltage pulses (in a compressed time scale) used to obtain the half maximally activating \[K^+^\] (from Hill fits to the \[K^+^\]-dependence of outward current). Application of 10 mM ouabain inhibits the K^+^-induced outward Na/K pump current. **b.** Voltage dependence of the *K*~0.5~ for K^+^ activation of outward pump currents at two different pH, in the presence and absence of Na^+^ in the external solution. The measurements were performed at pH 7.6 (circles) and pH 9.6 (triangles) in the presence of 125 mM external Na^+^ (red) or in the presence of 125 mM NMG (black). The voltage range chosen avoids influence of the non-competitive voltage dependent binding of external Na^+^ to the Na-exclusive site-III, on the apparent affinity for external K^+^. Data points are mean standard deviations from 5 oocytes where titration at both pH was evaluated.](nihms309197f2){#F2}

###### 

The p*K*a values of the binding site residues of the Na/K pump at the E2·P state.

           Na/K Pump   Ca^2+^ pump                                                             
  -------- ----------- ------------- ------------ -------- ------ ------ ------------ -------- ------
  Asp811   2.6         4.2           \<0 (0.9)    Asp811   1.0    2.8    \<0 (3.7)    Asp800   7.1
  Asp815   13.1        8.3           3.6 (6.8)    Asp815   3.0    3.8    4.7 (5.8)    Glu908   \>14
  Glu334   \>14        12.3          8.5 (10.9)   Glu334   13.8   8.4    8.3 (8.3)    Glu309   8.4
  Glu786   12.9        9.1           7.5 (9.8)    Glu786   \>14   \>14   7.9 (10.7)   Glu771   \>14

The pKa calculations were based on the Poisson-Boltzmann equation with MCCE^[@R37]^ and the empirical method PROPKA version 2.0 (the number in parenthesis are from the version 3.0 of the program)^[@R38]^. The corresponding values for the Ca^2+^ pump at the E2·P~i~ state were taken from Ref. [@R11]. Corresponding residue numbers for different Na/K pumps are given in [Supplementary Table 2](#SD1){ref-type="supplementary-material"}.

###### 

FEP/MD calculations for the cation binding sites I and II

  Simulations   Binding site residues   ΔΔ*G*Na,K (kcal·mol^−1^)                                 
  ------------- ----------------------- -------------------------- ------- ------- ------------- -------------
  A             E334-                   E786-                      D811-   D815-   −2.5 (−1.7)   −2.7 (−4.5)
  B             E334                    E786                       D811-   D815    +1.9 (+3.0)   +4.0 (+1.7)
  C             E334                    E786                       D811-   D815-   −1.5          +3.5
  D             E334-                   E786                       D811-   D815    −1.2          −7.7
  E             E334                    E786-                      D811-   D815    −2.9          −3.0
  F             E334                    E786                       D811-   D815N   +3.1          +6.3
  G             E334Q                   E786                       D811-   D815    +0.3          +0.0
  H             E334                    E786Q                      D811-   D815    −0.2          +1.0

The "-" symbol denotes the acidic residue that are deprotonated. The ion selectivity in the binding sites ΔΔ*G*~na,k~ is defined as $\left\lbrack {G_{\text{Na}}^{\text{site}} - G_{\text{Na}}^{\text{bulk}}} \right\rbrack - \left\lbrack {G_{\text{K}}^{\text{site}} - G_{\text{K}}^{\text{bulk}}} \right\rbrack = \Delta G_{\text{Na},\text{K}}^{\text{site}} - \Delta G_{\text{Na},\text{K}}^{\text{bulk}}$, where the first term is the free energy difference in the binding sites and the second term is the free energy difference in bulk water evaluated by FEP/MD (by definition, ΔΔG~Na,K~ is positive if the site is selective for K^+^ over Na^+^, and negative otherwise). Unless specified otherwise, all calculations are based on the 2ZXE crystal structure; results based on the 3B8E are given in parentheses for comparison.
